aberrations at multiple nodes ( 1 ). Inactivation of PTEN, the major negative regulator of the PI3K pathway, has been reported in phenotypically normal endometrium and is sufficient to drive tumorigenesis in mice, suggesting that pathway activation is an early event in EC ( 2 , 3 ). Loss of PTEN, which can be caused by gene mutation, promoter methylation, and protein degradation, is present in 20% of endometrial hyperplasia, 35% to 50% of EEC, and 10% of NEEC ( 4-6 ). Activating PIK3CA mutations are present in 30% of EEC and 15% of NEEC and are frequently coexistent with PTEN aberrations ( 7 , 8 ). Somatic mutations in AKT1 occur in 2% of EEC ( 9 ). Frequent mutations in fibroblast growth factor receptor 2 ( FGFR2) in EEC (12%) also point to the importance of RTK signaling in the etiology of this disease ( 10 ). In addition, other molecular features of EC include gene mutations in pathways that interact with the PI3K pathway, including CTNNB1 and TP53 ( 11 , 12 ).
INTRODUCTION
Endometrial cancer (EC) is the most prevalent gynecologic malignancy and the fourth most common cancer among women in Western countries. Mortality for localized low-grade, low-stage endometrioid endometrial carcinomas (EEC) is low. However, treatment options for patients with metastatic or recurrent EEC or nonendometrioid endometrial carcinomas (NEEC) are limited and outcomes are extremely poor. Thus there is an urgent need to develop novel effective targeted therapies.
The phosphatidylinositol 3-kinase (PI3K) pathway that signals downstream from receptor tyrosine kinases (RTK) is frequently activated in many cancer lineages, including EC, by 
RESULTS

Overview of Nonsynonymous Mutations in ec
In terms of nonsynonymous somatic mutations in 243 endometrial tumors (see Methods), PTEN was the most frequently mutated gene (108 tumors, 44%) followed by PIK3CA (97 tumors, 40%) (see Fig. 1A and Supplementary Table S1 ). Moreover, 24 (10%), 39 (16%), and 35 (14%) samples had FGFR2, CTNNB1, and TP53 mutations, respectively. PIK3R1 mutations were detected at a higher frequency (48 tumors, 20%) than in any other cancer lineage (17, 18) . Moreover, we found PIK3R2 mutations, which had not been previously pathway and KRAS, and the effects of these mutations on downstream signaling were systematically investigated. Second, we determined whether aberrations in the PI3K and MAPK pathways dictate sensitivity toward drugs targeting these pathways. Third, we show for the first time that PIK3R1 and PIK3R2, the genes encoding p85α and p85β, are frequently mutated in EC and novel activating mutations were identified. Finally, we describe a mechanism defined by one of the PIK3R1 gain of function mutations, which destabilizes PTEN through disruption of p85α homodimerization, offering evidence of the importance of PTEN and p85 interactions in human cancer. , but not total AKT, were markedly higher in tumors with PI3K pathway aberrations ( Supplementary  Fig. S3A ). KRAS mutation was not associated with changes in pAKT. Instead, KRAS mutation was associated with increased phosphorylation of mitogen-activated protein kinase kinase (MEK)1/2 at Ser 
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182 without significant change in their respective total proteins ( Supplementary Fig. S3B ). Activation of the MAPK pathway was not seen in PI3K pathway mutant tumors, suggesting that distinct downstream signaling events are activated in PI3K pathway-and KRAS-mutant EC.
PTEN protein loss, regardless of whether PTEN was mutant or WT, was associated with a consistent increase in pAKT indicative of pathway activation ( Supplementary  Fig. S3C , left). The effect of PTEN loss on pathway activation was dominant because PIK3CA, PIK3R1, or PIK3R2 mutation in addition to PTEN loss did not result in a further increase in pAKT ( Supplementary Fig. S3C , left). PTEN heterozygous mutation alone where PTEN protein was retained was not associated with increased pAKT compared to tumors bearing WT PTEN ( Supplementary Fig. S3C, right) .
Strikingly, in tumors where PTEN protein was retained, including tumors with PTEN heterozygous mutation, mutation in other PI3K pathway members, including PIK3CA, PIK3R1, or PIK3R2, resulted in marked increases in pAKT levels comparable to that observed in tumors where PTEN is lost ( Fig. 3A and 3B ). Furthermore, similar changes in stathmin, caveolin 1, and insulin growth factor binding protein 2 (IGFBP2) were observed in tumors with either PTEN loss or PIK3CA, PIK3R1, or PIK3R2 mutations (Fig. 3C) . Thus it appears that PIK3CA, PIK3R1, or PIK3R2 mutation results in a phenocopy of PTEN loss in terms of pathway activity. These overlapping effects on cellular signaling were also observed in unsupervised hierarchical clustering of the RPPA data, as tumors with PTEN loss intermingled with tumors carrying PIK3CA, PIK3R1, or PIK3R2 mutations (Fig. 3A) . No significant difference in the pAKT level among tumors carrying PIK3CA, PIK3R1, or PIK3R2 mutations or among tumors carrying mutations in different domains of PIK3CA or PIK3R1 ( Supplementary Fig. S3D ) was detected, suggesting similar effects on cellular function in EC. Together, these data support the functional consequence of PIK3CA, PIK3R1, or PIK3R2 mutations on PI3K pathway activation, which is manifest selectively when PTEN is heterozygously mutated and PTEN protein is retained.
Phosphorylation of MEK1/2, ERK1/2, and p38 MAPK was higher in KRAS-mutant tumors (Fig. 3D) . Strikingly, as with the lack of effect of KRAS mutations on PI3K pathway signaling, there was no interaction between the effects of PTEN loss, PIK3CA, PIK3R1, or PIK3R2 mutations and the effects of KRAS mutation on the MAPK pathway (Fig. 3A) .
Together, the signaling data suggest that EC can be robustly classified as either (1) WT PI3K and PTEN-retained, frequently co-occurred with PIK3CA (59/96; 61%) or PIK3R1/ PIK3R2 (37/96; 39%) mutations (Table 1 ). The frequencies of these co-mutations were higher than expected due to chance, suggesting mutual inclusivity, in contrast to co-mutations between homozygous PTEN and PIK3CA or PIK3R1/PIK3R2 that were present at expected frequencies (Supplementary Table S2 ). Moreover, 7 of 15 (47%) tumors carrying only heterozygous PTEN mutation showed retained PTEN expression, compared to tumors with concomitant mutations in PIK3CA (20/33; 61%) or PIK3R1/PIK3R2 (11/16; 69%). PTEN protein loss was significantly less frequent in tumors with co-mutations in additional pathway members (P = 0.04). This observation led us to hypothesize that PI3KCA, PIK3R1, or PIK3R2 mutations might be co-selected with heterozygous PTEN mutations to compensate for incomplete loss of PTEN protein.
Deficient Mismatch repair May contribute to the high Frequency of co-mutations
Defects in the DNA mismatch repair (MMR) pathway are common in EC, leading to genomic instability (21) . Consistent with previous studies, 43 of 188 (23%) tumors were MMR-deficient as indicated by loss on IHC of MLH1, MSH2, or MSH6 (Table 1) . Intriguingly, we found MMR deficiency to be significantly more frequent in tumors carrying 2 or 3 PI3K pathway mutations than tumors with 0 or 1 mutation (29% and 32% versus 17% and 19%, respectively; P < 0.05). This finding suggested that MMR deficiency might partly contribute to the high frequency of co-mutations in the PI3K pathway in EC. However, the mutations in PI3K pathway members were not classic MMR-related aberrations because they did not occur in regions of nucleotide repeats.
Distribution of PTEN, PIK3CA, PIK3R1, and PIK3R2 Mutations
Approximately 40% and 60% of PTEN mutations in the endometrial tumor set occur in the C2 and phosphatase domains, respectively ( Supplementary Fig. S2 ). Of 114 PIK3CA mutations, 20% were in the adaptor-binding domain (ABD), 17% in the C2 domain, 28% in the helical domain, and 24% were in the kinase domain ( Fig. 2A) . This distribution is distinct from that observed in other cancers in which the vast majority of mutations cluster within the helical and kinase domains (22, 23) . All substitutions in PIK3R1 were somatic except one known germline single-nucleotide polymorphism (SNP) (M326I). A significant proportion of substitutions (12/29; 41%) and indels (37/42; 88%) were located within the iSH2 domain (Fig. 2B ), supporting this region as a mutational hotspot (18) . We also detected mutations in all other PIK3R1 domains, albeit at lower frequencies. Unlike PIK3R1, all PIK3R2 mutations were substitutions with no apparent hotspot region (Fig. 2C) . Two alterations observed at the same amino acid, A727T and A727V, were confirmed to be germline SNPs.
Pi3K Mutations Functionally Mimic PteN loss
The functional impact of PI3K anomalies and the interaction between KRAS and PI3K pathway aberration in EC are not well characterized. Therefore, the consequences of these genetic aberrations on downstream signaling were research article (1) l571fs (1) R574del (1) R574fs (1) K575fs (1) TRD576del (1) M582fs ( Figure 2 . Distribution of nonsynonymous mutations in a, PIK3CA, B, PIK3R1, and c, PIK3R2. Substitutions (top) and indels (bottom) are graphed with the amino acid indicated and the number of independent observations within parentheses. The percentage of mutations identified in each domain is shown in the box. p110α is characterized by 5 domains: ABD, Ras-binding domain (RBD), C2 domain, helical domain, and kinase catalytic domain. p85 consists of SH3, Rho-GAP, and two SH2 domains (nSH2 and cSH2) that flank an intervening domain (iSH2). *, nonsense mutation; bold, mutations confirmed somatic; red, germline SNPs. (1) l571fs (1) R574del (1) R574fs (1) K575fs (1) TRD576del (1) M582fs ( 
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needed to achieve 50% growth inhibition) could not be obtained. In contrast, cells with PI3K pathway mutations without KRAS mutations were markedly more sensitive to rapamycin. Notably, higher GI 50 values were obtained in cell lines with concomitant KRAS and PI3K pathway mutations than with PI3K pathway mutations alone. There was no obvious correlation between mutational status and responsiveness to GDC-0941, a selective class I PI3K inhibitor that is currently in clinical trials, under the culture conditions assessed ( Supplementary Fig. S5B ).
All cell lines harboring KRAS mutations had concurrent PI3K pathway mutations and were relatively sensitive to MEK inhibition ( Supplementary Fig. S5C ). However, although cell lines with aberrations in the PI3K pathway tended to be resistant to MEK inhibition, some of the cell lines that lacked KRAS mutation were sensitive to MEK inhibition. Thus, KRAS mutation is likely a sufficient but not obligatory (Supplementary Table S3 ). Six of seven (86%) PTEN heterozygous mutations co-occurred with PIK3CA or PIK3R1 or PIK3R2 mutations. As in patient samples, KRAS mutation was not mutually exclusive with PI3K pathway mutations.
Loss of PTEN protein was observed in 5 cell lines. More importantly, these 5 cell lines had relatively high pAKT and low caveolin 1 levels as predicted from the patient RPPA data ( Supplementary Fig. S4A ). Furthermore, Western blot (WB) and RPPA showed that PIK3CA, PIK3R1, or PIK3R2 mutations in cells with retained PTEN produced a phenocopy of PTEN loss in terms of activation and expression of the proteins altered in the patient samples ( Supplementary  Fig. S4 ).
Cell lines with WT PI3K pathway members were resistant to the mTOR inhibitor rapamycin (Supplementary Fig. S5A ). Three cell lines, two of which carry both KRAS and PIK3CA mutations, were very resistant and a GI 50 value (concentration (Fig. 4B,  left) . The effects of WT p85α on PTEN were confirmed with 3 independent constructs. WT p85β did not alter PTEN or pAKT levels (Fig. 4B, right) , suggesting that the two p85 isoforms display different functional consequences in EC. These observations were confirmed with multiple cell lines including EFE184, Ba/F3, and HEK293FT (data not shown).
These changes in PTEN expression are unlikely to have been caused by transcriptional regulation, because PTEN mRNA levels were not altered (data not shown). Rather, cycloheximide-based chase studies demonstrated that WT p85α significantly extended the half-life of PTEN protein (Fig. 5A, left) . In contrast, PTEN protein stability in cells transfected with E160* was substantially reduced. Because PTEN protein can be regulated via the ubiquitin-dependent proteasome pathway (25), we treated cells transfected with WT p85α or E160* with the proteasome inhibitor MG132. PTEN protein levels were modestly increased by proteasome inhibition (Fig. 5A, center) . Strikingly, E160* enhanced PTEN ubiquitination, whereas WT p85α decreased the abundance of PTEN-ubiquitin conjugates (Fig.  5A, right) . These results demonstrated that the ubiquitin degradative pathway likely contributes to the ability of p85α to regulate PTEN protein.
Recent studies have demonstrated the ability of the SH3 and RhoGAP domains of p85α to bind PTEN (26) . As indicated in Fig. 5B (left) , WT and the other p85α mutants directly interact with PTEN, but not E160*, which lacks the RhoGap domain but retains the BH3 and N terminal prolinerich domain. These observations were confirmed by reciprocal IP (data not shown). Intriguingly, the binding between PTEN and WT p85α was decreased by transfection of increasing amounts of E160* (Fig. 5B, center) . The increase in PTEN protein expression and stability induced by WT p85α was also inhibited by co-expression of E160* (Fig. 5B, right) . These data suggest that E160* competitively inhibits interactions between PTEN and WT p85α, and this disruption is associated with PTEN destabilization. Additionally, consistent with previous studies (27) , we confirmed that WT p85α forms homodimers and this homodimer formation was decreased in the presence of E160* (Fig. 5C , left and center). In parallel, we observed that E160* is able to interact with WT p85α (Fig. 5C, right) . These data suggested that homodimerization of WT p85α is inhibited by E160* likely by formation of WT p85α-E160* dimers. This process is associated with diminished binding between WT p85α and PTEN. Furthermore, overexpression of p110α disrupted the interaction between WT p85α and E160*, formation of WT p85α homodimer and binding of PTEN to p85α (Fig. 5D ), suggesting that binding of p110α and PTEN to p85α is mutually exclusive and that p110α does not bind to the PTEN-p85α homodimer complex.
DISCUSSION
Characterization of mutations in cancer cells provides insights into tumorigenesis and reveals candidates for targeted therapeutics. Most previous studies of genetic aberrations in EC are small with analysis of a limited number of candidate genes. The functional relevance of these alterations in EC is sensitivity marker for MEK inhibitors, which may be useful in patients with KRAS-mutant EC.
identification of activating Mutations in PIK3R1 and PIK3R2
The majority of PIK3R1 mutations found in EC are novel and frequent PIK3R2 mutation has not been reported previously in any tumor lineage. We therefore investigated the functional significance of a subset of these mutations by assessing their ability to induce interleukin-3 (IL-3)-independent survival of Ba/F3 cells, an assay that has been used previously to characterize mutations in PI3K pathway members (18) . Three PIK3R1 indels identified in our dataset (E439del, R574fs, and T576del) were previously characterized and R574fs and T576del have been shown to be oncogenic (24) . Concordantly, we found that these two mutants were sufficient to convert Ba/F3 cells to IL-3 independence (Fig. 4A, left) . In addition, two truncation mutations-E160* in the Rho-GAP domain that retains the src-homology 3 (SH3) and N terminal proline-rich domain and, with less efficiency, R348* in the nSH2 domain that retains the SH3, Rho-GAP, and two proline-rich domains-and the point mutation R503W in iSH2 conferred IL-3-independent growth to Ba/F3 cells compared with WT p85α or LacZ control. The germline SNP, M326I, had no effect on Ba/F3 survival. It is worth noting that an F268I mutation that was seen in the initial mutation screen but not confirmed in orthologous mutational analysis had no effect on Ba/F3 survival, further confirming the validity of the assay.
We report for the first time herein activating mutations in PIK3R2 including A171V in the Rho-GAP domain and N561D in the iSH2 domain (Fig. 4A, right) . The germline SNP, V727T, had no impact on Ba/F3 survival. WT and E160* PIK3R1 were assessed in parallel, demonstrating that PIK3R2 may have greater activity than PIK3R1 in increasing viability of Ba/F3 cells (Fig. 4A, right, gray bars) .
PIK3R1 or PIK3R2 activating Mutations increase aKt Phosphorylation
We sought to understand the mechanism underlying the activity of mutant PIK3R1 and PIK3R2 by examining their effects on downstream signaling. The PIK3R1 or PIK3R2 mutants that potentiated Ba/F3 cell proliferation increased AKT phosphorylation in the HEC1A EC cell line that contains a G1049R PIK3CA and a G12D KRAS mutation ( Fig. 4B; Supplementary  Fig. S6 ), whereas mutants that had no effect on Ba/F3 survival did not increase pAKT. Indeed, pAKT levels significantly correlated with IL-3-independent survival (P = 0.001). There was no observable change in the expression of p110α in cells transfected with any of the mutants. Because p85 binds and stabilizes p110, this suggests that p85α is in excess of p110α in HEC1A cells. Immunoprecipitation (IP) experiments demonstrated that the majority of the mutants retained the ability to bind p110α, except E160* and R348*, which lack the iSH2 domain implicated in p110α binding (Fig. 4C) .
the e160* p85a Mutant Destabilizes PteN
Strikingly, the E160* p85α mutant induced a marked decrease in PTEN protein levels with a concordant increase in pAKT. In contrast, expression of WT p85α led to an increase 
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(endometrioid/mucinous) (7, 11, 12) , the EEC in our dataset are characterized by high frequencies of aberrations in the PI3K pathway, KRAS, and CTNNB1, whereas TP53 mutations are more frequent in grade 3 EEC. The mixed endometrioid/ serous histotype is genetically similar to EEC, suggesting that also obscure, hampering the development and implementation of pathway-targeted therapy. Therefore, we performed an integrated analysis to determine the effects of a broad set of candidate mutations on downstream signaling in a large sample set. In agreement with the model of type 1 EC MG132 (center) for 24 hours. Cells were then harvested for WB. PTEN levels were normalized to β-actin by densitometry (below). *, P < 0.05. Right, HEC1A cells were transfected with LacZ or WT or E160* in the absence or presence of ubiquitin (Ub) for 72 hours. Whole-cell lysates were collected for IP with anti-PTEN and then subjected to WB with anti-ubiquitin. PTEN protein levels were normalized prior to IP by using proportionally different amounts of lysates. B, left, HEC1A cells were transfected with LacZ or WT or its mutants for 72 hours and were collected for IP with PTEN and WB with anti-p85α. HEC1A cells were co-transfected with WT or increasing amount of E160*. Cell lysates were collected for IP (center) or WB (right top). Right bottom, transfected HEC1A cells were treated with CHX for the indicated time points and harvested for WB. c, cells were transfected with HA-tagged p85α (HA-p85α) and/or Flag-tagged p85α (Flag-p85α) in the absence (left) or presence (center) of increasing amounts of E160*. IP was performed with anti-HA and WB with anti-Flag. Right, cells were transfected with HA-p85α and increasing amounts of E160*. 
the endometrioid component is dominant at least in terms of mutational status. MMMT is poorly characterized to date. In addition to the frequent TP53 mutations previously reported (28), we noted a low rate of aberrations in the PI3K pathway, KRAS, and CTNNB1 in MMMT, clearly suggesting that MMMT has more in common mutationally with type 2 EC (serous and clear cell), in which TP53 mutation is the most common genetic alteration and is considered an early event (29) .
Based on frequent aberrations in PIK3CA and PTEN, we explored whether mutations in other members of the PI3K pathway are present in EC. Strikingly, the mutation rate of PIK3R1 (20%) was markedly higher in EC than that previously reported for any other lineage, demonstrating selective targeting in EC (17, 18) . In the COSMIC database (30), PIK3R1 mutations were detected in 36 of 1693 (2%) tumors. PIK3R2 mutation had only been reported in 1 of 108 (0.9%) colon cancers (18) and in 3 of 817 (0.4%) tumors (30) . Our studies demonstrated PIK3R2 mutations in 5% of EC, with several mutations being demonstrated to exhibit gain of function, establishing PIK3R2 as a novel cancer gene.
Previous reports suggested that KRAS and PIK3CA mutations are mutually exclusive in EC (7, 14) . However, these studies only sequenced exons 9 (helical) and 20 (catalytic domain) of PIK3CA in small sample sets. The large sample size in this study, the characterization of multiple PI3K pathway members, and our observation that PIK3CA mutations commonly occur outside of exons 9 and 20 likely accounts for the discrepancy, supporting our observation that KRAS and PI3K pathway members are coordinately mutated in EC. The concurrent mutations in PI3K pathway members and KRAS in cell lines support the concept that the mutations occur in a single cell population rather than in independent subclones. This may reflect, in part, a lack of functional redundancy among PI3K pathway and KRAS mutations in EC that is supported by RPPA demonstrating distinct downstream signaling consequences associated with these mutations. This activation of different pathways could thus cooperate for efficient transformation.
Co-mutations in different components of the PI3K pathway might also cooperate for efficient transformation (31) . Further, we have demonstrated that PTEN protein loss and PIK3CA mutations have markedly different functional effects on PI3K pathway activation in human breast cancer (22) . Co-mutations in PI3K pathway members in EC occur at frequencies significantly higher than predicted, in contrast to most cancers (19, 20) . PTEN protein loss, regardless of PTEN mutational status, resulted in PI3K pathway activation. PIK3CA, PIK3R1, or PIK3R2 mutation was more common in cells where PTEN protein was retained, and these mutations phenocopy the functional effects of PTEN loss on downstream signaling. MMR deficiency, which is an early event in the pathogenesis of EC (21) , might contribute to these co-mutations. However, the mutations in the PI3K pathway members were not typical of MMR aberrations.
The majority of PTEN mutations in EC are heterozygous. PTEN haploinsufficiency has been reported to contribute to development of prostate cancer (32) . However, despite PTEN mutations being heterozygous, almost half of EC demonstrated complete loss of PTEN protein, suggesting that additional mechanisms contribute to PTEN loss. Further, PTEN loss was also seen in a significant fraction of WT PTEN tumors. PTEN protein levels and function are extensively regulated by multiple genomic and epigenetic mechanisms in addition to mRNA and protein modification, emphasizing the importance of this tumor suppressor (25) . Thus multiple mechanisms are likely to converge on regulation of PTEN protein levels and function in EC.
EC exhibits mutations throughout the coding region of PIK3CA with the exception of the RAS binding domain compatible with interactions with RAS being critical to the function of p110 (33) . Consistent with a recent study, we observed a high frequency of mutations within the ABD domain in PIK3CA, compared to other tumor lineages (34) . Interestingly, 87% of mutations within the ABD domain were associated with PTEN heterozygous mutation, suggesting that ABD mutations may selectively interact with PTEN heterozygous mutations. ABD domain mutations have been suggested to have lower transforming activity and to activate AKT to a lesser degree than catalytic and helical domain mutations (31, 34) . It is possible that co-mutation of the ABD domain with PTEN increases information flow through the PI3K pathway. Although complete PTEN loss has been reported to elicit senescence in prostate cancer models (35) , it does not appear to do so in EC, as several tumors did exhibit complete PTEN loss. Furthermore, although PTEN loss is often a late event in prostate tumorigenesis, PTEN aberrations occur early during the pathogenesis of EC.
The roles of p85 in PI3K pathway activation and tumorigenesis are complex. Levels of p85α are decreased in a number of tumor lineages (36) . Haploinsufficiency of PIK3R1 can result in PI3K pathway activation, whereas homozygous depletion inhibits the pathway (37) . On the other hand, PIK3R1 knockout mice demonstrated increased PI3K pathway activity and decreased PTEN protein levels, compatible with our data on the effect of WT p85α on PTEN levels (36) . If in excess of p110, p85 could compete with the p85-p110 complex for binding to phosphorylated insulin receptor substrate (IRS) or to other phosphotyrosine-containing proteins, suggesting that free p85 could negatively modulate PI3K signaling (37) . A direct and possibly bidirectional interaction between the N-terminal SH3-Rho-GAP domain of p85 and PTEN has been demonstrated (26, 38, 39) . We showed herein that this p85α-PTEN interaction is associated with increased PTEN stability through decreased ubiquitination. The truncated gain-of-function mutant E160*, which does not bind either p110α or PTEN, binds WT p85α and decreases its binding to PTEN, resulting in PTEN destabilization through ubiquitination.
Overall, the data are most compatible with a model wherein free p85α forms a homodimer that is able to bind PTEN (Fig. 6) . This model is supported by evidence that (1) overexpression of p85α did not increase p110α levels, indicating that p85α is not limiting in the cells; (2) p110α is not part of the complex because p110α overexpression inhibited p85α-PTEN interaction, suggesting a mutually exclusive binding; (3) E160* binds to free p85α because overexpression of p110α competed with E160* for binding to p85α; and (4) p85α self-dimerized and this homodimerization was inhibited by overexpression of p110α and E160*. The SH3 (27) . The ability of E160* to bind with WT p85α suggests that SH3 and the first proline-rich domains constitute a major homodimerization interface. However, the failure of the E160*-p85α heterodimer to bind and stabilize PTEN whereas the R348*-p85α heterodimer and first proline-rich motif have been shown to be sufficient to mediate homodimerization; furthermore, the truncated isoform p55γ, which lacks the N-terminal domains, failed to form dimers (27) . Intermolecular interaction between Rho-GAP domains might also contribute to the p85α 
premature to predict the pathophysiologic relevance of the types of PIK3R1 mutations on tumor initiation and progression. Possibly the different mutations will contribute to sensitivity to a specific type of PI3K pathway inhibitor. Therefore, the effects of each class of PIK3R1 mutations on tumor initiation and progression warrant further study.
WT p85β demonstrated greater ability to induce Ba/F3 survival than WT p85α. Unlike p85α, p85β did not stabilize PTEN protein in spite of its ability to bind PTEN (unpublished data). It is possible that the two isoforms mediate different functions (45) . Another plausible explanation is that the effects of p85α on PTEN are dominant over p85β when both isoforms are expressed. Indeed, we found that expression of exogenous p85α inhibited binding of p85β to PTEN (unpublished observation), suggesting that PTEN interacts preferentially with p85α. This finding is in contrast to previous studies in other cell lines where p85β appears to be the preferred partner of PTEN (39) and may represent the unique context of EEC cells. Of note, p85α and p85β share only 30% protein homology in the Rho-GAP domain that contributes to PTEN binding, in contrast to 80% in the SH2 domains. Although p85β possesses similar proline-rich motifs as p85α, whether p85β homodimerizes and/or bind PTEN as efficiently as p85α is unclear and may be context dependent. Therefore, due to the complex effects of p85α and p85β on the PI3K pathway, tumor development is likely to be tissue context dependent and determined by relative levels and activities of p110, p85, PTEN and phosphotyrosine residues.
Germline variants of PIK3R1 (M326I) and PIK3R2 (V727T) were found in our samples, with homozygous mutations occurring in frequencies fitting Hardy-Weinberg equilibrium. Although M326I has been reported to exhibit increased binding to IRS-1, it had no impact on PI3K activity and signaling events (46) . Herein, we found that M326I and V727T had no effect on Ba/F3 survival or AKT phosphorylation. RPPA analysis also showed no difference in downstream signaling between patients with or without these variants (data not shown).
The prevalence of abnormalities in members of the PI3K pathway and KRAS implicates these pathways as critical drivers of pathogenesis of EC and thus as exciting targets for cancer treatment. Encouragingly, we found that mutations in the PI3K pathway and KRAS predict in vitro sensitivity to rapamycin and MEK inhibitor but, like other studies, not to GDC-0941 (47) . Due to feedback loops in the PI3K pathway, rational targeted therapeutic combinations may be required for optimal outcomes. Our data also suggest that EEC cells with both PI3K pathway and KRAS mutations are relatively more resistant to PI3K pathway inhibitors than those with PI3K pathway aberrations alone, as previously observed (48, 49). Whether coordinate targeting of the PI3K and RAS pathways will demonstrate higher activity with acceptable toxicity in EC xenografts is under investigation. Further, we found that EC patients with PI3K pathway aberration appear to have a significantly lower recurrence risk (P = 0.003), suggesting that PI3K pathway mutation status might also predict tumor recurrence.
Currently, the choice of therapy for individual patients with EC is largely empirical. Our data, which include comprehensive characterization of genetic alterations coupled with mechanistic studies, suggest that manipulation of the PI3K (or possibly R348* homodimers) binds and stabilizes PTEN, suggests that the Rho-GAP domain likely plays a role in the conformation change in p85α required for binding to PTEN. How the homodimer enhances PTEN stability warrants further investigation, but it is tempting to speculate that the homodimer may provide a combinatorial binding site for PTEN or may facilitate recruitment of other molecules to the complex to stabilize PTEN. Phosphorylation of the C-terminal tail of PTEN inhibits its proteosome-mediated degradation (40) . p85 and unphosphorylated PTEN are part of a high molecular weight complex with formation of the complex associated with diminished AKT activation (38) . In this scenario, it is possible that phosphorylated PTEN adopts a closed conformation that results in lower affinity for the complex (41) . The association of PTEN with p85α is readily observed in EEC in the absence of growth factor addition, in contrast to previous studies (26) . This can be potentially due to the frequent presence of other activating mutations in EEC (Fig. 1) . In contrast to studies in other systems (38) , we were unable to find evidence for a trimeric (or tetrameric) complex of PTEN, p85α, and p110α by crossimmunoprecipitation in EEC (not presented). Further, the ability of exogenous p110α to decrease p85α homodimers and p85α-PTEN heterodimers suggests that in EEC, the binding of PTEN and p110α to p85α may be mutually exclusive, with p85α monomers interacting with p110α and dimers with PTEN. The spontaneous E160* mutation from EEC will provide a powerful tool to elucidate the mechanisms underlying these processes.
Other activating p85α mutations found in EC likely elucidate additional regulatory mechanisms as they do not apparently alter PTEN protein levels but do increase pAKT levels. Three of five activating mutations identified in the Ba/F3 assay reside in the iSH2 domain, which binds the C2 domain of p110 inhibiting the catalytic activity of p110. These activating mutations appear to disrupt iSH2-C2 contact, releasing the inhibitory effect on p110 while retaining the ability to stabilize p110 (24, 42) . One of the novel activating mutations in EC (R503W) is part of an exposed surface composed of basic residues that may bind to negatively charged membrane phosphatidylinositide substrates compatible with an independent mechanism (43) .
The recurrent R348* activating mutation lacks intact SH2 and iSH2 domains and thus lacks ability to bind p110. It demonstrated lower activity than E160* in multiple repeat Ba/F3 assays. The portion of p85α remaining in the R348* mutant is similar to the minimal domain defined to bind PTEN (26), a property we confirmed for R348*, which may contribute to its activity. Because the R348* mutation is heterozygous in each of the 5 tumors, p110 might be stabilized by intact p85α expressed from the remaining PIK3R1 allele. Indeed, an artificial p85α mutant unable to bind p110 has been demonstrated to increase kinase activity of a p110α mutant (44) . Interestingly, heterozygous mutations in PTEN and/or PIK3CA were concurrent in tumors harboring the R348* mutation, suggesting that the activity of this mutant is most clearly manifest in cooperation with other mutants in the PI3K pathway.
Thus, there appear to be multiple mechanisms by which aberrations in PIK3R1 can contribute to tumorigenesis. It is 
statistical analysis
To test the significance of pairwise comparisons between aberrations, we applied Tukey's Honestly Significant Difference (HSD) test to a 1-way ANOVA model. The analysis was performed with the R software (http://www.r-project.org/). Difference was considered significant when P < 0.05.
Additional experimental procedures are available in the Supplementary Data.
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and RAS pathways could provide a promising moleculartargeted therapy in EC. The genomic and protein signatures we identified should affect the stratification of patients in trials and hence accelerate the fulfillment of personalized molecular medicine.
MethODs
Patient Samples
Endometrial tumor samples (26 EEC grade 1, 106 EEC grade 2, 29 EEC grade 3, 60 mixed endometrioid and serous, 18 MMMT, 4 serous) were obtained under institutional review board-approved protocols from 243 patients who were diagnosed at the MD Anderson Cancer Center (Houston, Texas) from 1998 to 2009. Specimens were reviewed by a pathologist (R.R. Broaddus) for ≥80% tumor content, histologic verification, and classification by grade and stage.
Cell Cultures and Plasmids
For descriptions of the cell lines used, see Supplementary Data. DNA fingerprinting (STR analysis) was performed for the characterization of cell lines.
Full-length open reading frames of PIK3R1 and PIK3R2 were cloned into pLenti-7.3 Dest lentiviral expression system (Invitrogen). Mutations were generated by site-directed mutagenesis using QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). Four PIK3R1 mutants were kindly provided by Dr. Lynda Chin (Harvard Medical School, Boston, Massachusetts). All constructs were confirmed by Sanger sequencing. Transfection was performed using Lipofectamine 2000 (Invitrogen).
Mutational analysis
DNA preparation
Genomic DNA from frozen tumor resections or endometrial tumor cell lines was extracted using QIAamp DNA Mini Kit (Qiagen). Normal DNA was extracted from peripheral blood leukocytes using QIAamp Blood kit (Qiagen).
SNP analysis
A mass spectroscopy-based approach was used to detect SNPs (MassARRAY, Sequenom) as described previously (22) . We designed high-throughput assays for somatic hotspot mutations in KRAS, PIK3CA, CTNNB1, BRAF and AKT. Mutations in the panel are listed in Supplementary Data.
Whole-gene resequencing
Resequencing of PTEN, PIK3CA, PIK3R1, PIK3R2, FGFR2, TP53, and CTNNB1 was performed at the Human Genome Sequencing Center at the Baylor College of Medicine (Houston, Texas). The last exon of PTEN failed to amplify. All other sequencing covered all exons and intron-exon boundaries.
Ninety-two percent of PIK3CA mutations and 89% of CTNNB1 mutations detected by Sanger sequencing were confirmed by MassARRAY (Sequenom), indicating a high accuracy of base-calling.
Mutations verification
PI3KR1 and PIK3R2 mutations detected by resequencing were confirmed by independent PCR-based sequencing in the MD Anderson Cancer Center Sequencing Core. Variants were deemed somatic if they were absent in matched normal DNA.
Reverse-phase protein array
High-throughput RPPA for 127 proteins (antibody list provided in Supplementary Data) was performed as described previously (22, 50 In this article (Cancer Discovery 2011;1:170-85), which appeared in the July 2011 issue of Cancer Discovery (1), the labels along the vertical axes in Figure 5 were incorrectly formatted. The amended fi gure appears on the next page. The publisher regrets this error.
AUGUST 2012 CANCER DISCOVERY | 751 Figure 5 . A, HEC1A cells transfected with LacZ or p85α WT or E160* were treated with cycloheximide (CHX; left) for indicated duration or with MG132 (center) for 24 hours. Cells were then harvested for WB. PTEN levels were normalized to β-actin by densitometry (below). *, P < 0.05. Right, HEC1A cells were transfected with LacZ or WT or E160* in the absence or presence of ubiquitin (Ub) for 72 hours. Whole-cell lysates were collected for IP with anti-PTEN and then subjected to WB with anti-ubiquitin. PTEN protein levels were normalized prior to IP by using proportionally different amounts of lysates. B, left, HEC1A cells were transfected with LacZ or WT or its mutants for 72 hours and were collected for IP with PTEN and WB with anti-p85α. HEC1A cells were co-transfected with WT or increasing amount of E160*. Cell lysates were collected for IP (center) or WB (right top). Right bottom, transfected HEC1A cells were treated with CHX for the indicated time points and harvested for WB. C, cells were transfected with HA-tagged p85α (HA-p85α) and/or Flag-tagged p85α (Flag-p85α) in the absence (left) or presence (center) of increasing amounts of E160*. IP was performed with anti-HA and WB with anti-Flag. Right, cells were transfected with HA-p85α and increasing amounts of E160*. IP was performed with anti-HA and WB with anti-p85α. D, left, cells were transfected with WT p110α, Flag-p85α, and E160*. IP was performed with anti-Flag and WB with anti-p85α. Center, cells were transfected with WT p110α, Flag-p85α, and HA-p85α. IP was performed with anti-HA and WB with anti-Flag. Right, cells were transfected with WT p110α and HA-p85α, IP was performed with PTEN and WB with p85α. Numerical values below each lane of the immunoblots represent quantifi cation of the relative protein level by densitometry. 
